Extracorporeal shock waves are focused, single-pressure pulses of microsecond duration. They were first utilised for medical purposes over two decades ago in the treatment of renal calculi by lithotripsy. Soon afterwards shock waves were used in the management of ununited fractures. 1, 2 In the 1990s extracorporeal shock-wave therapy (ESWT) became popular in Germany for certain soft-tissue disorders, including calcifying tendonitis of the rotator cuff, humeral epicondylitis and plantar fasciitis. It is now employed worldwide for the treatment of musculoskeletal complaints. In the USA the Federal Drug Administration gave permission for its use in the treatment of chronic proximal plantar fasciitis in 2000. 3, 4 Although ESWT has become increasingly popular there is considerable debate as to its appropriate usage and efficacy. This review addresses issues relating to its use in soft-tissue complaints including the technical features, economic aspects, effects on tissue, potential adverse effects and the current evidence for its use.
Technical aspects
Shock waves are three-dimensional pressure pulses of microsecond duration with peak pressures of 35 to 120 MPa. Many of the physical effects are considered to be dependent upon the energy involved, measured in millijoules, which is calculated by taking the integral time over the pressure-time function at each particular location of the pressure field. 5 This is affected by the pulse pressure, the density of the propagation medium and the area in which the shock wave is existent. For medical use, shock waves are concentrated into small focal areas of 2 to 8 mm in diameter in order to optimise the therapeutic effects and to minimise the effects on other tissues. 6 The focus is defined as the site at which the maximum peak-positive acoustic pressure is attained. The concentrated shock-wave energy per unit area, the energy flux density (EFD), is a term used to reflect the flow of shock-wave energy perpendicular to the direction of propagation and is taken as one of the most important descriptive parameters of shock-wave 'dosage'. 5 The basic requirements of a shock-wave system are that it should have sufficient power to generate effective shock waves, be versatile in its ability to generate waves of a reliable range of energies, have a method to target the shock waves to a specific site and have minimal adverse effects.
The characteristics of shock waves are determined by the type of device used. They are generated by an electric storage capacitor with variable high voltage which is charged and subsequently rapidly discharged by electroacoustic transducers. 7 The generators can involve electrohydraulic, electromagnetic or piezoelectric mechanisms. The type of the source determines the shape of the pulse. 7, 8 Piezoelectric generators have the benefit of accurate focusing, but generally generate high peak pressures, while electrohydraulic and electromagnetic devices can generate a range of peak pressures. However, electrohydraulic generators, the original type used, are limited by considerable shock-toshock variation in the focal pressure and in difficulties with localisation of their effect. The shape of their pulse cannot be variably controlled as in electromagnetic and piezoelectric pulse generators (Table I) . 9 Although specific waveforms can be produced and may have different effects on tissue, such characteristics may not be maintained during the passage through tissues.
Regardless of the method of generation, shock waves are concentrated by means of focusing reflectors on the target site. Localisation of the shock waves can be performed using imaging modalities, typically fluoroscopy or ultrasound. These may be external to the system 'off line', or integrated within the treatment head, 'in line'. The latter is preferable since it allows more accurate targeting.
Dosage
While the terms 'high', 'medium' and 'low' energy are commonly used in the literature, THE JOURNAL OF BONE AND JOINT SURGERY there is no clear consensus on the EFDs involved in relation to these terms. Two classifications have been proposed (Table II) . Individual treatments are usually described according to the number of shocks administered, the generator frequency and the energy level setting. The last varies according to the machine used, with each energy setting representing a specific EFD.
Effects of shock waves on soft tissues
Shock waves may have beneficial or adverse effects on soft tissues (Table III) . The passage of shock waves to their target can result in damage to tissue along the axis of the field of the shock wave. This can result in localised bleeding, and petechiae and haematomas have been seen after treatment, particularly with high-energy pulses. 10, 11 Cavitation, the movement of new and pre-existing gas bubbles in a fluid, is thought to play a significant role in the development of tissue changes in lithotripsy resulting from a shock wave gas bubble interaction. 12 Such bubbles expand within a few microseconds of the shock wave, and usually then collapse within 100 microseconds, generating a second, spherical, shock wave. Cavitation can have mechanical and chemical effects which may be therapeutic, as with disintegration of calcification, or potentially deleterious. Mechanical alterations are principally due to shearing effects, while chemical phenomena appear mainly to be due to the development of free radicals. 13, 14 Shock waves can destroy cells acutely as a result of the production of free radicals and cell lines appear to differ in their susceptibility to destruction. 15 Most cells which survive the shock continue to function and divide normally, irrespective of the cell cycle at the time of exposure. 16 However, ultrastructural changes have been demonstrated on electron microscopy, including changes in the cytoplasm and the mitochondria, [17] [18] [19] skeletal tissues, particularly the kidney, and most of the information available on the effects on musculoskeletal tissues is based on animal studies. [21] [22] [23] Studies of the effect of shock waves on tendo Achillis of the rabbit have indicated a dose-dependent effect, a transient inflammatory reaction and swelling of the tendon with 1000 impulses of higher (0.28 mJ/mm 2 ) but not lower (0.08 mJ/mm 2 ) doses. 24 Fibrinoid necrosis, paratenon fibrosis and marked inflammatory changes were seen with even higher doses (0.60 mJ/ mm 2 ).
Animal studies have demonstrated that considerable damage is done to lung parenchyma by shock waves. This appears to be related to almost total reflection of the waves when they reach a tissue/air interface, resulting in local damage. 25 There is also a potential for the development of cardiac arrhythmias. The pressure threshold for this appears to be in the range of 1 to 10 MPa. 26, 27 When multiple shock waves are administered at high frequency (100 Hz), arrhythmias can occur away from the focus. Stimulation of peripheral nerves also occurs within the focus of the shock wave. Thermally-induced adverse effects are unlikely as a result of only minor changes in temperature and the administration of pulses of only low frequencies.
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Proposed mechanisms for explanation of clinical benefit
The mechanisms of the action of shock waves on soft-tissue conditions are unknown, but possibly include direct stimulation of the 'healing' processes, neovascularisation, disintegration of calcium and neural effects. These may involve alterations in the permeability of cell membranes preventing the development of potentials to transmit painful stimuli, direct suppressive effects on nociceptors and a hyperstimulation mechanism which blocks the gate control mechanism, 23, 24, 29 but these possibilities remain speculative.
Methods of treatment
There are currently no standardised guidelines for the use of ESWT in soft-tissue conditions. A broad range of regimes with respect to the choice of machine, positioning and localisation of the patient, doses, treatment frequencies and the use of local anaesthesia has been employed.
Clinical evidence
A number of studies have now been published relating to the clinical effects of ESWT on soft-tissue injuries, most of which have been controlled. In this article only randomised controlled trials are considered in relation to specific softtissue conditions (Table IV) . . The Constant scores both before and at three months after the treatment are given in Table V . One subject in the no treatment group, six in group 1, 12 in group 2 and 14 in group 3 reported subjective improvement in pain. There was radiological reduction in the calcium deposits in two of group 0, in four of group 1, 11 of group 2 and in 12 of group 3. Non-calcific tendinopathy of the rotator cuff. Schmitt et al 31 performed a prospective double-blind randomised controlled study of shock-wave therapy under local anaesthesia in 40 subjects with recalcitrant non-calcific tendonitis of supraspinatus. The ESWT group received 6000 shocks (EFD 0.11 mJ/mm 2 ) under ultrasound guidance, using an electromagnetic generator. In the control group a foil was placed between the patients and the shock-wave head to prevent transmission. Improvements were seen in both groups, with no significant difference between the two (Table VI) .
Calcific tendonitis
We noted similar results in a double-blind randomised controlled trial of 1500 pulses of ESWT at 0.12 mJ/mm 2 or sham therapy, monthly for three months, in 74 adults with chronic tendinosis of the rotator cuff. 32 Sham therapy involved deflation of the treatment head, no coupling gel and the use of minimal energy pulses (0.04 mJ/mm 2 ) in order only to replicate the noise of the machine, but avoidance of contact with the region of interest. Both groups showed significant and sustained improvements from two months onwards. There was no significant difference between the groups with respect to the degrees of change in shoulder pain and disability index (SPADI) scores or night pain over a period of six months.
A mean change in the SPADI (SD; range) of 16.1 (27.2; 0 to 82) in the treated patients and of 24.3 (24.8; -11 to 83) in the sham group was noted at three months. The mean changes at six months in the treatment and sham groups were 28.4 (25.9; -24 to 69) and 30.4 (31.2; -12 to 88), respectively. Similar results were noted for night pain. Lateral epicondylitis. Buchbinder et al 33 reported a Cochrane review of shock-wave therapy for lateral elbow pain. They identified only two trials of ESWT versus placebo. 34, 35 Both studies included similar groups with chronic recalcitrant pain in the lateral elbow for more than six months and clinical signs of lateral epicondylitis. In one of the studies, Rompe et al 34, 35 compared 3000 shocks of 0.08 mJ/mm 2 using an electromagnetic generator, with 30 x 0.08 mJ/mm 2 as the control in a total of 100 subjects. The study does not appear to have been blinded and it is unclear as to whether data were analysed on an intention-to-treat basis. A significant improvement in pain and function was noted only in the 'treatment' group when reviewed after three months. The other study, by Haake et al, 36 was a double-blind multicentre randomised, controlled final involving 270 patients who received either 2000 shocks at 0.07 to 0.09 mJ/mm 2 or a sham procedure in which a coil prevented transmission of the shock waves. Treatments were administered at weekly intervals for three weeks. Different devices for the production of shock waves were used at different treatment centres. No difference was noted between the treatment and placebo groups using the Roles and Maudsley subjective pain rating score and grip strength after six and 12 weeks, and after 12 months. The success rate was 25.8% in the ESWT group and 25.4% in the placebo group, the difference being 0.4% with a 95% confidence interval (CI) of -10.5 to +11.3. An improvement was observed in two-thirds of the patients in both groups 12 months after intervention.
We have subsequently reported similar findings to those of Haake et al, 36 in a double-blind randomised, controlled trial of ESWT in 75 adults who had recalcitrant lateral epicondylitis for more than three months with a mean duration of symptoms of 15.9 and 12 months in the ESWT and sham groups, respectively. 37 The subjects were randomised to receive either active treatment with an electromagnetic generator (1500 pulses of ESWT at 0.12 mJ/mm 2 ) or sham therapy, monthly for three months. All were assessed before each treatment and one month after completion of the course by visual analogue scores for pain during the day and at night. Both groups showed similar significant improvements from two months. In the ESWT group the mean (SD, range) pain score was 73.4 (14.5; 38 to 99) at the beginning and 47.9 (31.4; 3 to 100) at three months. In the sham group the mean (SD; range) pain score was 67.2 (21.7; 12 to 100) at the beginning and 51.5 (32.5; 3 to 100) at three months. After three months, there was an improvement of 50% in 35% of the ESWT group and in 34% of the sham group. Plantar fasciitis. Shock-wave treatment has gained approval of the FDA for the treatment of recalcitrant plantar fasciitis in the USA 3 on the basis of a double-blind multicentre randomised trial in 260 subjects with chronic plantar fasciitis of more than six months' duration. 4 Outcome was assessed by investigator-rated pain on pressure using a dolorimeter, estimation by the subject of the time and distance of painfree walking, evaluation of the use of analgesics and the patient rating of start-up pain. The treatment was by a single dose of ESWT at a high-energy level (1500 shocks at >0.18 mJ/mm 2 ), using an electrohydraulic generator. The shock waves do not appear to have been focused and the heel was continually manipulated by the physician during the treatment session. The placebo involved a styrofoam block and a fluid-filled intravenous bag, without the use of coupling gel. Local anaesthesia was used, although this differed between the treatment and placebo groups. Data were not analysed on an intention-to-treat basis. Three months after the one treatment, 56% more of the patients who had been treated had a successful result by all four of the criteria of evaluation when compared with the patients treated with a placebo. Improvement in start-up pain was noted in 59.7% of the ESWT group and in 48.2% of the placebo group. Pain-free activity improved similarly in both groups and investigator-induced pain was better in 62.2% and 43% in the ESWT and placebo groups, respectively.
Cosentino et al 38 performed a single-blind randomised, controlled trial of ESWT in 60 subjects with chronic heel pain and heel spurs using an electrohydraulic generator and localised by ultrasound. The subjects were randomised to receive 1200 shocks of either a considerable energy range of 0.03 to 0.4 mJ/mm 2 or sham treatment (0 mJ/mm 2 ). Six treatments were administered at intervals of seven to ten days. Significant decreases in subjective pain at rest, on start-up and at the end of daily activities were reported at the end of the course of treatment and at follow-up at one and three months. No change in the radiographic dimensions of heel spurs was noted.
In contrast to the results of these two studies, Buchbinder et al 39 performed a double-blind randomised, placebo-controlled trial of ultrasound-guided ESWT in 160 subjects with symptomatic proximal plantar fasciitis of at least six weeks' duration which had been demonstrated by ultrasound. Patients were randomly assigned to receive either ultrasound-guided ESWT weekly for three weeks to a total dose of at least 1000 mJ/mm 2 (n = 81), or a similar placebo to a total dose of 6.0 mJ/mm 2 (n = 85). After six and 12 weeks, there were significant improvements in overall pain in both the treated and placebo groups (mean (SD) improvement, 18.1 (30.6) and 19.8 (33.7) at six weeks (p = 0.74) for between-group difference and 26.3 (34.8) and 25.7 (34.9 ) at 12 weeks (p = 0.99), respectively). Similar improvements in both groups were also observed for morning and activity pain, walking ability, the Maryland foot score, problem elicitation technique, and the SF-36 score. There were no statistically significant differences in the degree of improvement between the two groups for any measured outcomes.
We performed a double-blind randomised, controlled trial of ESWT of moderate dose (1500 shocks at 0.12 mJ/ mm 2 ) or sham treatment, monthly for three months in 88 adults with chronic plantar fasciitis. 40 The sham treatment was similar to that used in the study of ESWT in lateral epicondylitis described above. 37 Both groups showed significant improvement over the course of the trial, but there was no statistically significant difference between them with respect to the changes seen in any of the outcome measures over the six-month period. After three months, 37% of the subjects in the ESWT group and 24% in the sham group showed a positive response as measured by an improvement of 50% with respect to pain during the day. Positive responses with night pain occurred in 41% and 31% in the ESWT and sham groups, respectively.
Positive responses in start-up pain occurred in 37% and 36% in the ESWT and sham groups, respectively.
In another study, Rompe et al 41 performed a prospective single-blind randomised, controlled trial of low-dose ESWT (1000 shocks of 0.06 mJ/mm 2 ) or sham treatment administered weekly for three weeks in 30 patients with chronic plantar fasciitis which had persisted for at least 12 months. The sham treatment involved no contact with skin and the absence of gel. A significant improvement in pain and function was noted only in the ESWT group after three months, but six subjects withdrew and the data were not analysed on an intention-to-treat basis. Interpreting the literature. There are considerable differences between the results of various studies which have assessed the efficacy of ESWT in soft-tissue conditions. These may be explained by a number of factors, which may be grouped into technical, the subject populations, variations in the severity of the disease and the design of the study.
Technical aspects include different designs of machine and the heterogeneity of factors such as shock-wave intensity, focal energy, geometry of the shock-wave focus, frequency of treatment and the use of different forms of 'sham therapy'. Different machines and generators may well have dissimilar effects because of differences in the shock waves produced. While the intensity of treatment delivered by some machines necessitates the use of local anaesthesia, others do not require this. The accuracy of localisation of treatment is also a potential source of variation, and is open to operator error, although this has not been evaluated extensively.
Differences in study populations, and in particular the duration of symptoms, may also play a role, as may the specific soft-tissue condition which is being treated. The degenerative tennis elbow may have a true difference in response to that of calcific conditions or to chronic plantar fasciitis. Soft-tissue conditions may be mimicking another complaint (e.g. referred pain presenting as lateral epicondylitis), and for this reason studies which include conditions proven by imaging would improve the quality of randomised controlled trials. The design of the study is also important. The assessment of various management approaches in softtissue conditions is often limited by small sample sizes, heterogeneous study populations, surrogate outcome measures, inadequate blinding and inappropriate sham therapies. A pre-assessment period helps to ensure that symptoms are stable, in order to exclude natural history as a source of improvement. [42] [43] [44] The use of different outcome measures can also prevent direct comparisons between studies. Measurement of different outcomes gives different and complementary information and all have a role to play in the evaluation of a treatment. While the literature is abundant with non-randomised controlled studies of ESWT there remains an inadequate number of randomised, controlled trials examining technical factors and dosage.
ESWT is a potentially helpful addition to the options for the management of soft-tissue conditions. Currently, there is evidence of benefit from some regimes of ESWT in calcific tendonitis of the rotator cuff and chronic plantar fasciitis. However, there is a need for further proper research into the effects of ESWT on soft tissues, for randomised, controlled trials in other soft-tissue conditions and investigation of the technical factors relating to the treatment and optimal regimes of dosage in specific conditions.
